Cenococcum graniforme, Suillus luteus, Thelephora terrestris, and three isolates of Pisolithus tinctorius were cultured on modified Melin-Norkrans medium at pH 3.4 and adjusted to 0 to 500 ppm (0 to 500 ,ug/ml) of aluminum or manganese sulfate. Except for T. terrestris, which was intolerant of aluminum at 150 and 250 to 500 ppm, and P. tinctorius isolate 250, which was intolerant of aluminum at 450 ppm, all fungi showed some growth at all concentrations of aluminum. S. luteus was the most tolerant to aluminum. Manganese was less fungitoxic than aluminum, with all fungi showing at least 65% growth at 500 ppm as compared with the control. C. graniforme was not inhibited at any concentration of manganese, and S. luteus was only affected at 500 ppm. P. tinctorius isolate 230 showed no significant variation in growth when subjected to various concentrations of three forms of manganese salts. Significant differences in growth were detected in response to three aluminum salts, but no detectable pattern was apparent. Genotypic responses to aluminum and manganese were evident for P. tinctorius. Isolates 210 and 230 were more tolerant to manganese than was isolate 250. Aluminum tolerance was in the order of isolate 230 > 210 > 250. Results of in vitro studies concerning tolerance responses of ectomycorrhizal fungi to aluminum and manganese were not consistent with field observations of the successional sequence of these fungi on acid coal spoils.
Extreme acidity often occurs in conjunction with bituminous coal surface mining (4, 9, M. L. Horn, M.S. thesis, The Pennsylvania State University, University Park, 1968). Associated with high acidity is an increased availability of manganese and aluminum (4, 7, 9 ; Horn, M.S. thesis). Coleman et al. (13) reported that aluminum was the most important toxic element in acid soils, and Berg (8) stated that both manganese and aluminum were the elements that most limited plant growth on acid coal spoils.
Vose and Randall (43) suggested that selection of plants for acid sites may be made indirectly through selection of plants resistant to the effects of aluminum and manganese. This resistance may be a reflection of the genotype (31) or mycorrhizae (11, 16, 26) of the plant. Schramm (38) found early ectomycorrhizal fungus formation to be necessary for seedling establishment of a number of hardwood and conifer species found on anthracite coal spoils. Little research, however, has been conducted to determine if heavy metal toxicity in ectomycorrhizal fungi (35) may be a problem on mine spoils (18) .
Some fungi are resistant to heavy metals (3, 42) and have been recorded near strip mine spoils (2) . Fungi reported as ectomycorrhizal mycobionts of trees that grow on mine spoils include Cenococccum graniforme (Sowerby) Ferdinand and Winge (6, 34, 40) , Pisolithius tinctorius (Persoon) Coker and Couch (6, 16, 23, 34, 36, 40) , Sluilluis liiteius (Linnaeus:Fries) Gray (33, 34, 38, 40) , and Thelephora terrestris (Ehrhart and Fries) (30, 33, 38, 40) .
In addition to the acid conditions found on some coal spoils, increased soil acidity caused by acid precipitation also increases the availability of heavy metals (1) and affects mycorrhizal fungi (21) (28) . Medium (20 ml) was dispensed into culture tubes, autoclaved for 10 min at 121°C and 15 lb/in-, and poured into individual plates. After inoculation, the plates were wrapped in aluminum foil and incubated at optimum temperatures (see Table 1 Tolerance to manganese sulfate. Concentrations of manganese sulfate up to 500 ppm had no effect on the diameter growth of C. graniforme (Table 2 ). T. terrestris was the least tolerant of manganese and showed inhibition of growth at 100 ppm and higher. All fungi showed some growth at all concentrations of manganese sulfate ( (Table 3 ). All aluminum compounds elicited a significant decrease in growth beginning at 50 ppm. Although no pattern was apparent, the chloride form of the aluminum had a significantly greater effect on the fungus at more concentrations than did the other two aluminum salts (Table 3) . At 500 ppm of aluminum chloride, isolate 230 had a 14% growth response as compared with the control, whereas at the same concentration of the other two salts, it had a 25% growth response. The type of anion present with the aluminum ion appears to alter the effects of aluminum on fungal growth.
Manganese sulfate, manganese chloride, and manganese nitrate caused a significant reduction in the growth of isolate 230 at 300 to 500 ppm (Table 3) . A comparison of mycelial growth at each concentration of manganese salts showed no significant difference (Table 3) . Manganese alone, rather than the anion, appears to be the inhibitory agent. DISCUSSION Although manganese and aluminum limit plant growth on coal spoils (8), aluminum appears to be more of a limiting factor to ectomycorrhizal fungi than does manganese. Aluminum fungitoxicity for mycelial growth has been observed by Lewis (20) coal spoils. T. ter-estriis was the least tolerant of manganese, yet its growth at 500 ppm was 82% of the control growth. In response to aluminum, however, most of the fungi showed significant reduction in growth at 50 ppm, and several culture plates were devoid of growth at 150 ppm. These values for aluminum are much lower than the 482 ppm reported near acid mine streams (5) In a study concerning the tolerance in plants of low pH, aluminum, and low fertility, McKee et al. (32) defined very tolerant as "the ability to persist and produce roots, even if very limited root growth, at pH 3.3 and 17 or more ppm water soluble aluminum." Replacement of mycelial growth for root growth and application of the criteria for very tolerant to the present study show that all six fungal isolates are tolerant of aluminum.
Assuming that newly disturbed and abandoned coal spoils have the greatest concentrations of metals, the consecutive sequence of the ectomycorrhizal fungi should provide an indication of their relative tolerance of fungitoxic metals. Later seral species should be less tolerant of heavy metals whereas the earliest invaders should have a highly developed form of resistance. On the basis of field observations of ectomycorrhizal fungi in early developmental communities on coal spoils (16, 33, 34, 38) , the consecutive sequence of these fungal species is P. tinctoriiis, T. terresti-is, S. Iliteils, and C. graniforme. The presence of these fungi on acid mine spoils indicates a tolerance of the extreme environmental factors that occur in these ecosystems. With aluminum causing the greater impact on the growth of ectomycorrhizal fungi, the relative order of tolerance of aluminum and manganese toxicity at pH 3.4 is S. li'teis > P. tinctorius > C. graniforme > T. terrestiris.
The results of our experiments showing that S. liiteius was the most tolerant species were unexpected because S. Iiateus has not been observed in the earliest stages of succession on coal spoils (33) and because it is present in tree stands over 5 years old (12) and in leaf litter (33) . P. tinctorius, however, is often present in completely barren areas (19, 33) and is a common associate of pioneer trees on both anthracite and bituminous coal spoils (23, 33, 34, 36, 38) . P. tinctorius may be more beneficial to the successful establishment of Pinuts and Betiula species on strip-mined land than any other Appt-. ENVIRON. MICROBIOL.
on August 27, 2017 by guest http://aem.asm.org/ Downloaded from ectomycorrhizal fungus (22) . The failure of laboratory results to support field observations indicates the influence of other environmental factors, such as tolerance limits, synergism, and antagonism.
Bell and Ungar (7) found that factors such as low pH, a high concentration of aluminum, and low nutrient levels do not affect mnature plants on mine spoil banks. The most important factors limiting plant establishment on spoil banks are high soil temperature and low moisture during germination and seedling phases of growth (7) . Mycorrhizal development is strongly temperature dependent (35) , and the tolerance in P. tinctorius of high temperatures may account for its predominance on mine spoils (22) . Studies have shown that P. tinctorius grows better at 34WC (29) and that mycorrhizal hosts survive and grow as well at 40°C (27) as at 24°C. Its ability to survive at a suboptimum level of 500 ppm of manganese and alumninum in addition to its tolerance of other adverse conditions, such as temperature, apparently enable P. tinctorius to be a better competitor than species such as S.
Iluteus which are more tolerant of these heavy metals. Marx and Artman (25) reported that the value of P. tinctorius to seedlings increased as the quality of the site decreased.
Pisolithus species continued their dominance on poorerquality sites, whereas on better-quality sites other ectomycorrhizal fungi were observed after 2 years.
Although 38) . The failure of the slow-growing C. graniforme to show much growth after 102 days when exposed to 350 to 500 ppm of aluminum would account for its absence as an initial ectomycorrhizal mycobiont on coal spoils (33, 34, 38) .
T. terrestris is one of the major ectomycorrhizal fungi on pine seedlings in nurseries (22) . Its successional position on coal spoils reflects its intolerance to heat (22) and its inability to withstand aluminum concentrations of 150 ppm and greater. Marx and Artman (25) found that pines inoculated with P. tinctorius survived and grew significantly better on acid coal spoils than did those inoculated with T. terrestris.
Marx (22) suggested that tailor-made mycorrhizal fungi could be used for specific sites such as mine spoils. The differential response of ectomycorrhizal mycobiont species to aluminum and manganese and the intraspecific variation exhibited by P. tinctorius suggest that the tailor-made concept should be applied at the ecotype level. Vose and Randall's (43) suggestion that plants be selected for acid sites on the basis of their resistance to aluminum and manganese toxicity might be amended to include the selection of mycorrhizal fungi that are most tolerant of these fungitoxic elements.
Tolerance response studies, such as those reported in this paper, have severe applied ecological restrictions. In addition to an organism reacting to multiple factors at any one instant, a response may also reflect a manifestation of a mutualistic entity rather than of a single organism. Bradley et al. (11) reported that nonmycorrhizal Calluna vulgaris showed no tolerance of high concentrations of heavy metals but that mycorrhizal C. vulgaris showed resistance to the metals. Of the eight tree and shrub species designated as very tolerant of aluminum and recommended for planting on coal wastes (32) , seven have been reported to form mycorrhizae with one or more fungi used in this study (15, 40, 41) .
Successful reforestation of acid mine spoils and areas affected by acid precipitation might be enhanced through the introduction of selected mycorrhizal fungi that are tolerant of high concentrations of heavy metals associated with acid soils. Schramm (38) found successful planting of ligneous species on anthracite coal spoils limited to either nodulated or ectomycorrhizal species. Strains of endomycorrhizal fungi that are adapted to high concentrations of various metals have been found (35) . These findings show that the selection of material as an inoculum needs to reflect the ability of the potential mycobiont to form mycorrhizae on selected host species under site-specific conditions. LITERATURE CITED
